The chemiluminescence (CL) intensities of various indole derivatives substituted with a glyoxylyl group at the 3-position and a hydroxyl group at the 5-position of the indole ring were compared upon the addition of H2O2 in alkaline media. The CL intensities of 3-indoleglyoxylyl chloride, 3-indoleglyoxylic acid, 5-hydroxyindole and 5-benzyloxyindole in CH3CN were 5.9-, 48-, 5.9-and 3.3-fold stronger than that of 3-methylindole. A lasting CL of 3-indoleglyoxylyl chloride was found. Under appropriate conditions, the CL emission reached a maximum within 10 min after the addition of H2O2 in the presence of NaOH, and the intensity was retained for 25 min. One of the final products via the CL reaction of 3-indoleglyoxylyl chloride was indole-3-carboxylic acid. 3-Indoleglyoxylyl chloride emitted light by decompositions via both dioxetane and dioxetanedione. An enhancement effect of β-cyclodextrin and bovine serum albumin on the CL of 3-indoleglyoxylyl chloride was also found.
Introduction
3-Methylindole (1) emits light in the presence of atmospheric oxygen in an alkaline medium. 1 McCapra described the chemiluminescence (CL) mechanism of 1 based on the decomposition of dioxetane. 2 The CL intensities of various indole derivatives were previously compared. 3 The CL intensity of 3-(2′-nitrovinyl)indole slowly rose to a maximum, and then decreased slowly. More recently, 9-acridinecarbonylimidazole, which stays in its steady-state for at least 3 h was synthesized and utilized for assays of glucose oxidase and alkaline phosphatase activities. 4 Indole derivatives were also used for CL assays of bioactive compounds. For example, indoxyl derivatives were used for a CL assay of the glucose oxidase activity. 5 The CL intensities are weak compared to that of typical CL compounds, such as luminol and acridinium esters. Therefore, indole derivatives could not be used for highly sensitive CL assays. However, indole compounds can be dissolved in various solvents, and the derivatization of indole compounds is simple compared to that of luminol and acridinium esters. This led us to measure the CL intensities of various indole derivatives substituted with a glyoxylyl group at the 3-position and a hydroxyl group at the 5-position of the indole ring to find indole derivatives having strong and lasting CL.
As a result of this research, we found that 3-indoleglyoxylyl chloride (2) had a lasting CL characteristic. Furthermore, we determined the final product via the CL reaction of 2 and proposed an additional new CL mechanism different from the CL mechanism based on the decomposition of dioxetane.
Cyclodextrins have the ability to include hydrophobic molecules in their cavities and to enhance the CL intensities of lucigenin, 6 peroxyoxalate, 7 isoluminol analogs, 8 acridinium ester 9 and Cyridina luciferin analogs. 10 An enhancement effect of β-cyclodextrin on the fluoresence of indole derivatives was also reported.
11
The binding of indole derivatives to bovine plasma albumin was studied. 12 Bovine serum albumin (BSA) was used as an enhancer of luminol because of its acceleration effect on the reaction prior to the formation of the light-emitting species. 13 It is thought that an enhancement effect on the CL of 2 can be obtained by increasing the efficiencies of the formation of lightemitting species (10 and 11, Figs. 2a and 2b) when 2 is included in a hydrophobic environment. Thus, the CL characteristics of 2 in the presence of cyclodextrin and BSA were compared.
Experimental

Reagents and solutions
Deionized and distilled water purified by a Milli-QII (Japan Millipore, Tokyo, Japan) was used. 3-Methylindole, α-, β-and γ-cyclodextrin and CHCl3 stabilized with amylene were purchased from Wako (Osaka, Japan). 3-Indoleglyoxylyl chloride, 3-indoleglyoxylic acid, 5-hydroxyindole and 5-benzyloxyindole were purchased from Aldrich (Milwaukee, WI, USA). Bovine serum albumin was purchased from Sigma (St. Louis, MO, USA). 3,4,5-Tribenzyloxybenzoyl chloride was prepared according to a reported method.
14 All other chemicals and solvents were of analytical reagent grade.
Apparatus and its operations
Column chromatography was performed with silica gel 60N (63 -210 µm, Kanto Chemical Co., Inc., Tokyo, Japan). Preparative thin layer chromatography was performed with a silica gel 60 F254 plate (Merck Japan Limited, Tokyo, Japan) for purification. 1 H-NMR spectra were taken with a Varian UNITY plus (USA) spectrometer at 500 MHz. The FAB MS of indole-3-carboxylic acid was obtained with a JEOL JMS 600 (Tokyo, Japan). The fluorescence spectrum of indole-3-carboxylic acid was obtained with a Hitachi F 2000 fluorometer (Tokyo, Japan). Lumat LB 9501 (Berthold, Wildbad, Germany) was used to measure the CL with a round-bottom glass tube (75 × 12 mm i.d.).
Syntheses
Methyl-3-indoleglyoxylate 4. To stirred diethyl ether (80 ml) cooled in an ice-water bath was added 2 (0.31 g, 1.5 mmol), and the solution was stirred for 30 min. MeOH (1.83 ml, 45 mmol) was added to the solution. The mixture was stirred in an icewater bath for 30 min, returned to room temperature and stirred. After standing for 14 h, the mixture was concentrated and purified by column chromatography (silica gel 60N, CHCl3:MeOH = 10:1) to give 4 as a reddish-brown powder (0.02 g, 6.6% yield, mp 222˚C). 
5-(Benzyloxy)-N,N-dimethyl-3-indoleglyoxylamide 5.
To stirred diethyl ether (30 ml) was added 5-benzyloxyindole (1.11 g, 5 mmol), and the solution was cooled in an ice-water bath. To the stirred solution was added 98% oxalic chloride (0.3 ml, 3.3 mmol) every 5 min three times, and the mixture was stirred for 1 h. A diethyl ether solution (20 ml) containing dimethylamine (3 g, 66 mmol) was dropped into the reaction solution for 10 min. After standing for 30 min in an ice-water bath, the mixture was returned to room temperature. The resulting precipitate was filtered and washed with diethyl ether and water. The crude product was purified by column chromatography (Silica gel 60N, CHCl3:MeOH = 2:1) to give crude 5 as a yellowishbrown powder (0.54 g, 33.8% yield, mp 170 -172˚C). 1 To stirred diethyl ether (50 ml) cooled in an ice-water bath was added 2 (0.42 g, 2 mmol). A diethyl ether solution (5 ml) containing ethylenediamine (0.67 ml, 10 mmol) was dropped into the solution for 5 min. After standing in an ice-water bath for 20 min, the mixture was returned to room temperature and stirred for 30 min. The resulting precipitate was filtered and recrystallized from dimethyformamide (DMF) and water twice to give 6 as a colorless powder (0.11 g, 13.6% yield, mp >300˚C). 
Procedure for the CL measurement of indole derivatives
To 200 µl of a 1 mM indole derivative in CH3CN (6 was dissolved in DMF) was added 50 µl of H2O. After standing for 25 s, to the mixture was added 100 µl of 10 -1000 mM NaOH. After standing for 35 s, the CL reaction was initiated by the addition of 100 µl of 10 -1000 mM H2O2 using an automatic injection system in the luminometer.
For the standard procedure, 25 mM NaOH and 100 mM H2O2 were used as reagent solutions. The CL emission was measured for 10 min, and the integral photon counts were used for estimating the CL intensities.
Confirmation of final product via CL reaction of 2
To a 20 mM solution (50 ml) of 2 in CH3CN was added 375 mM aqueous NaOH (25 ml). After standing for 35 s, 5 M aqueous H2O2 (25 ml) was added to the mixture. After standing for 1 h in an ice-water bath, 6 drops of 36% HCl were added to the mixture and extracted with ethyl acetate. The organic layer was dried with anhydrous magnesium sulfate. The filtrate was concentrated and purified with column chromatography (silica gel 60N, CHCl3:MeOH = 5:1) to give indole-3-carboxylic acid as a brownish powder (0.03 g, 20% yield, mp 232˚C). 
Estimation of CL characteristics of 2 in the presence of cyclodextrin or BSA
To 200 µl of 1 mM 2 in CH3CN was added 50 µl of α-, β-and γ-cyclodextrin or aqueous BSA. After standing for 25 s, to the mixture was added 100 µl of 10 -50 mM NaOH. After standing for 35 s, the CL reaction was initiated by the addition of 100 µl of 25 -300 mM H2O2 using an automatic injection system in the luminometer. The CL emission was measured for 1 h, and the integral photon counts were used to estimate the CL intensities of 2 in the presence of α-, β-and γ-cyclodextrin or BSA.
Measurement of the fluorescence intensity of indole-3-carboxylic acid in the presence of β-cyclodextrin
To 2 ml of 1 mM of indole-3-carboxylic acid in CH3CN was added 0.5 ml of aqueous β-cyclodextrin. After standing for 25 s, to the mixture was added 1 ml of 25 mM NaOH for β-cyclodextrin. The fluorescence intensity of the resulting solution was measured with a fluorometer at an excitation maximum wavelength of 295 nm and an emission maximum wavelength of 326 nm.
Results and Discussion
The CL mechanism of 2 It is thought that two CL mechanisms proceed in the CL of 2. One of the mechanisms is that singlet oxygen, 15 produced from the reaction of H2O2 and CH3CN, reacts with 2, and the product then emits light via decomposition of dioxetane formed at the 2-and 3-positions of the indole ring (Fig. 2a) . On the other hand, we found that the final product via the CL reaction of 2 was indole-3-carboxylic acid (Fig. 2b) . 2 is hydrolyzed with aqueous NaOH and oxidized with aqueous H2O2. Peroxyoxalate was formed and converted to the dioxetanedione structure. The production of indole-3-carboxylic acid was accompanied by CL development (Fig. 2b) .
CL intensities of indole derivatives
2 showed the maximum CL intensities when 25 mM NaOH and 100 mM H2O2 were used as reagents under the reaction conditions described in Procedure for the CL measurement of indole derivatives. Apparently, the maximum light emission and the CL period of 2 increased compared to that of 1. The CL emission of 2 reached a maximum within 10 min after the addition of the 100 mM H2O2 with the use of 25 mM NaOH, and the intensity was retained for 25 min (Fig. 3) . No indole derivative which emitted light for such a long time (40 min) has been reported. As shown in Table 1 , the CL intensities of 2, 3, 7 and 8 in CH3CN were 5.9-, 48-, 5.9-and 3.3-fold stronger than that of 1. However, the CL intensities of 6 in DMF and 9 in CH3CN were 0.3-and 0.53-fold of 1, respectively ( Table 1) hydroxyl group of 7 weaken the CL.
Estimation of the effect of cyclodextrin and BSA on the CL of 2 α-and γ-Cyclodextrin did not enhance the CL of 2. However, when 0.5 mM β-cyclodextrin, 25 mM NaOH and 50 mM H2O2 were used as reagents, the enhancement of the CL intensity of 2 was approximately 1.5-fold compared to the CL intensity of 2 obtained under the standard procedure described in Procedure for the CL measurement of indole derivatives (Fig. 4) . Similarly, when 0.1% (w/v) BSA, 30 mM NaOH and 100 mM H2O2 were used as reagents, the enhancement of the CL intensity of 2 was approximately 1.5-fold compared to the CL intensity of 2 obtained under the standard procedure, described in Procedure for the CL measurement of indole derivatives (Fig.  5) . Especially, their CL periods were prolonged for 20 min when 0.5 mM β-cyclodextrin or 0.1% (w/v) BSA was used as a reagent solution (Fig. 6 ).
Fluorescence intensity of indole-3-carboxylic acid in the presence of β-cyclodextrin and an enhancement effect of BSA As described in The CL mechanism of 2, two CL mechanisms proceed in the CL of 2; 10 and 11 are light-emitting species in the CL of 2. It is thought that 10 or 11 is the best candidate related to the enhancement effect of β-cyclodextrin. The fluorescence intensities of 3-substituted indole derivatives were increased when the derivative formed the inclusion complex with β-cyclodextrin. 16 In this experiment, no increase in the fluorescence intensity of 11 was observed in the presence of β-cyclodextrin under the alkaline conditions, which gave the maximum enhancement effect of β-cyclodextrin (0.5 mM β-cyclodextrin, 25 mM NaOH). This indicated that 11 was not included with β-cyclodextrin, and that the CL of 11 can not be enhanced by β-cyclodextrin. Therefore, 10 remains as the best candidate related to the enhancement effect of β-cyclodextrin. On the other hand, it was reported that globular proteins, such as BSA, have the ability to inhibit non-light-emitting pathways of the 1,2-dioxetane derivative, 3-(2′-spiroadamantane)-4-methoxy-4-(3″-phophoryloxy)phenyl 1,2-dioxetane. 17 In this experiment, 2 was enhanced by BSA. The mechanism of the enhancement effect of BSA on the CL of 2 is not clear.
Conclusions
We found that 3-indoleglyoxylyl chloride (2) has a lasting CL characteristic. The CL intensity of 2 was 5.9-fold stronger than that of 3-methylindole (1). It is thought that 2 emits light via the decomposition of dioxetane and dioxetanedione. β-Cyclodextrin and bovine serum albumin enhanced the CL intensity of 2. When a lasting CL measurement is needed, 2 is superior to a CL reagent, such as luminol and isoluminol, which show typical flash CL development. 2 should be useful for the CL photographic detection of bioactive compounds in the presence of an enhancer, β-cyclodextrin or BSA. 
